Abstract: This paper presents a special designed artificial blood circulatory (ABC) for studying gaseous embolism based on detection of gaseous emboli and their sizing using ultrasound (US) spectral Doppler. Blood mimicking fluid (BMF) was used in the circulatory to get valid results without using human blood. The additional necessary degassing circulatory shows a promising effect of decontaminating the BMF from air bubbles. This offers the base for detecting and sizing microemboli using special algorithms and finally leads to reliable calculations of dangerous embolism and its air volume. Standard US probes at an integrated tissue model and a new 8-MHz central catheter ultrasound (CCUS) probe inside a superior vena cava model (SVCM) are used and deliver the Doppler spectrogram as input for automatic emboli detection and further signal analysis. First results using the newly developed 8-MHz CCUS probe inside the SVCM and its Doppler spectrogram characteristics show promising results but need more detailed studies.
Introduction
In up to 80% of all brain surgeries in sitting position gaseous emboli occur [1] . The air which is sucked into the venous blood stream by hydrostatic effects can reach the *Corresponding author: Philipp Stark, Faculty of Medical Engineering, Hochschule Ulm, University of Applied Sciences, Prittwitzstraße 10, 89075 Ulm, Germany, E-mail: stark@hs-ulm.de Christoph Kalkbrenner and Rainer Brucher: Faculty of Medical Engineering, Hochschule Ulm, University of Applied Sciences, Prittwitzstraße 10, 89075 Ulm, Germany, E-mail: kalkbrenner@hs-ulm.de (C. Kalkbrenner), brucher@hs-ulm.de (R. Brucher) Patrick Braß: Helios Klinikum, Krefeld Klinik für Anästhesie Intensivmedizin und Schmerztherapie, Lutherplatz 1, 47800 Krefeld, Germany arterial bloodstream via the patent foramen ovale (PFO) which occurs in up to 35% of people [2] . Such collected air volumes up to 2-3 ml in the cerebral blood circulatory can be a lethal amount as well as 0.5-1.0 ml of air in the vena pulmonalis can lead to myocardial infarction [3] . The ability to detect, to characterize and to size intraoperative occurring emboli and at last their aspiration via catheter may have a great potential for patients safety. Two methods of automatic detection and discrimination between solid and gaseous microemboli based on transcranial Doppler ultrasound (TCD) have shown success, the dual-frequency technique [4, 5] and the frequency modulation method [6, 7] . These methods however use Doppler probes outside the body and are only able to detect emboli and cannot offer any treatments by removing gaseous emboli by aspiration.
The aim of this study was to assess by in vitro studies the specially designed ABC as well as the first ultrasound Doppler central venous catheter system that was specially developed for the automatic detection of intraoperative emboli inside the superior vena cava.
Material and methods

Development of the artificial blood circulatory
The developed artificial blood circulatory (ABC) is designed to represent the human blood circulatory including a SVCM for the in vitro experiments. The ABC consists of two parts, the large main blood circulatory and an additional small degassing circulatory (see Figure 1 ). The whole ABC holds up to 1.2 liter of blood mimicking fluid (BMF). The ABC is driven by the membrane pump (SUK-0220, SHURflo). To generate different flow profiles with a flow up to 2.4 l/min a control unit by hard-and software was build up using Labview. The BMF recipe was taken from EN 61685:2001 D.3.3 (see Table 1 ). This BMF shows the same properties as blood with a hematocrit value of 42% to 48% (see Table 2 ). The SVCM consists of an inlet, outlet and was designed for a laminar flow with a Reynolds number of Re = 122.37 << Re krit = 2320 as stated in [8] to avoid warping of the velocity profile. The SVCM was manufactured out of polycarbonate which has a similar acoustic impedance as blood vessel walls.
It is of the utmost importance for the results of the experiments and the development of algorithms that the BMF is not contaminated with microbubbles. Analyzing the echogenity of air embolism on its enhancement in Doppler spectrogram would result in false estimations if the BMF is contaminated by microbubbles. To decontaminate the fluid the degassing circulatory was added to the ABC. It consists of a choke and a special gear pump (Fresenius Medical Care) (see Figure 2) . The degassing process is done by generating a low pressure. Low pressure conglomerates the dissolved gas and forms larger bubbles which rise up to the surface of the fluid in the venous reservoir and disappear out of the main circulatory. The injection of the gaseous emboli is done manually using calibrated high precision microliter syringes (Carl Roth) with a grading down to 0.1 µl.
The BMF is monitored via three US probes. To monitor the ABC in respect to the volume rate a flowmeter (B.I.O-TECH e.K.) as well as specially designed pressure and temperature sensors are integrated into the circulatory to register the physical effects on the injected gaseous embolism. For data acquisition a module (NI USB-6008, National Instruments) and Labview software was integrated. Both pumps are controlled via this module. The main pump resembles the heart and offers a continuous or a pulsatile flow profile. The pulsatile flow can be varied on three parameters: heartrate, overall flow ejection and the duration of the systole. filtering of the insonated 8-MHz US suppress the expected enhancement. Figure 5A shows a 2-MHz spectrogram of the BMF before degassing. In the Doppler spectrogram events of microbubbles are present in parallel to the normal background flow profile. These gas bubbles originate either from former experiments or the natural dissolved gas in the liquid. The simultaneous positive and negative Doppler effects during microbubbles events are due to overload and reduced channel separation. Figure 5B shows a 2-MHz-spectrogram during degassing signal of the BMF. Compared to the pre-degassingcondition an overall enhanced signal can be observed. Here the whole system is flooded with microbubbles like during injection of contrast agent. Figure 5C shows the 2-MHz-spectrogram after one hour of degassing and a couple of minutes of settling time to get rid of the last bubbles. Afterwards the Dopper spectrogram shows only neglect able events gas bubbles in the ABC.
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Discussion and conclusion
Air bubble event detected by the 8-MHz CCUS probe (see Figure 4) shows time sequentially an enhancement at Doppler shifted frequencies according the variation of the Doppler effect due to insonation angle. This time delay of enhancement in forward and backward Doppler shift frequencies is a characteristic for all detected air bubble events recorded by the CCUS probe. In opposite an artefact shows simultaneous enhancement in the upper and lower part of the spectrogram (see Figure 6 ). Therefore an air bubble can be distinguished from an artefact based on these different characteristics.
During the degassing process the whole ABC system is flooded with microbubbles (see Figure 5b ). This is due to the procedure in the degassing circulatory connected in parallel to the main circulatory. To decontaminate the BMF a pressure difference is generated via the gear pump and a choke on the inlet of the degassing circulatory. Since the degassing circulatory and the ABC work simultaneously the generated bubbles spread into the main circulatory. The signal is almost free of embolic events after one hour of degassing followed by a settling time of a few minutes (see Figure 5C ). During the settling phase all the generated bubbles are trapped in fluidic filters (100 µm) and the venous reservoir. Based on this tremendous reduction of microembolic events the analysis of enhancements leads to reliably results for detection and size estimation of the overall volume of the detected microbubbles.
Based on these first results the ABC is a very promising design for in vitro studies using the newly designed 8-MHz CCUS probe and its optimization. The ABC is able to degas contaminated fluids in an easy way in an acceptable short amount of time. It also allows to operate in continuous and pulsatile flow profiles. The variation of pulsatile flow profile offers the setting to all natural blood flow characteristics and to study the requirements for reliable air bubble detection and their volume calculation. The newly designed 8-MHz CCUS probe shows promising results and characteristics for automatic detection of embolic events. Therefore further future experiments using this SVCM might lead to the improvement of the central venous catheter ultrasound probe including finally automatic triggered aspiration of air embolism in respect to its application of therapy.
